The burning rate of a solid composite propellant is one of its most important ballistic properties. To achieve a specified burning rate, transition metal oxides are used as burning rate modifiers. However, addition of transition metal oxides creates inertness in the composition. To avoid such inertness, an attempt has been made to incorporate potassium perchlorate (KP) as a burning rate modifier by partially replacing ammonium perchlorate (AP), up to the 10% level, and the composition was then studied in detail for its mechanical, thermal and ballistic properties. The data revealed that no change occurred in the case of the mechanical properties, however, the thermal stability decreased as the KP content was increased. The burning rate data revealed that on incorporation of 10% KP, there was an enhancement in the burning rate of up to 35% in comparison to the original composite propellant formulation, but beyond this no enhancement in burning rate was observed, indicating that the optimum content for KP in the composition had been reached.
Introduction
Composite propellants represent an important class of solid rocket propellants, widely used in defence and space applications. In a composite propellant, solid particles are held together by a binder, usually a cross-linked rubber with processing aids [1] . The burning rate of a propellant is considered to be the single most important property governing the ballistic performance of solid rocket motors, and depends mostly on the particle characteristics of the oxidizer, the burning rate catalyst and the metallic fuel.
To achieve a required burning rate, transition metal oxides (TMOs) are preferred [2] [3] [4] [5] [6] . However, due to the inertness of TMOs and their overall effect on processibility and performance, percentages higher than 1% cannot be used. To cope with these problems, ferrocene derivatives [7] have been incorporated in propellant compositions. However, migration and sublimation of ferrocene and some of its derivatives causes, i.a. increased sensitivity, which does not allow large scale application. In further continuation of this work, grafted hydroxylterminated polybutadiene (HTPB) having ferrocenyl groups (butacene) has also been tried by many researchers and found to give promising results without compromising performance [8] . However, the use of butacene is not cost effective and as a binder it cannot be totally used in place of HTPB. Keeping in mind the performance of the composition without affecting its processibility, the application of potassium perchlorate (KP) has been envisaged as a partial replacement of ammonium perchlorate (AP). The comparative properties of AP and KP are presented in Table 1 . The use of KP was reported for the first time by Boggs et al. [9] as a doping agent over AP, and resulted in large effects on the deflagration behaviour. They also reported that an increase in the percentage of K + enhanced the low pressure deflagration limit (LDL), the burning rate and the burning rate pressure index. Recently, Ishitha et al. [10, 11] have also doped AP with small amounts of K + and observed an enhancement in the deflagration behaviour of AP, as the K + ions enhance the condensed phase decomposition of AP. Furthermore, Seetharamachayulu et al. [12] have reported the effect of KP on the combustion and thermal decomposition of a binary oxidizer system based on AP and KP, and their findings revealed that the burning rate of the pellet increased up to 30% KP, and beyond this it decreased drastically [13] . Although a literature survey has revealed that the characteristics of complete KP-based composite propellant formulations are not very good from an applications point of view, due to solid residue in the nozzle exit, hygroscopicity and low heat of combustion, nevertheless KP based compositions offer high burning rates and high densities, and reduced combustion instability, which is one of the preferred criteria in the field of rocketry [14, 15] .
Therefore, keeping in mind the advantages of KP, a systematic study has been carried out by partially replacing AP with KP as a burning rate modifier.
In the following section, the effect of KP on partial replacement of AP in composite propellant formulations based on HTPB/AP/Al is reported in detail, for its viscosity build up behaviour, and its mechanical, thermal and ballistic properties.
Materials and Methods

Materials
Ammonium perchlorate with an average particle size of 300 ± 10 µm was procured from M/s Pandian Chemicals Ltd., Cuddalore. Hydroxyl terminated polybutadiene, manufactured by free radical solution polymerization, with an average molecular weight of 2,500 and hydroxyl value of 43 mg KOH/g, was procured from M/s Anabond Ltd., Chennai. Aluminum powder, with an average particle size of 15 ± 3 µm, was procured from M/s The Metal Powder Company, Madurai. Potassium perchlorate, with an average particle size of 50 µm, was procured from trade and used as such. Dioctyladipate (DOA) and toluene di-isocyanate (TDI) were also procured from trade and used as received. Copper chromite and iron oxide having average particle sizes of 2.5 and 1 µm, respectively, which were used as burning rate modifiers in the compositions, were also procured from trade and incorporated in the compositions after drying at 105 °C for 4 h.
Characterization
The particle size distribution of KP and AP was determined using a CILAS particle size analyzer, based on the laser scattering technique of suspensions in isopropyl alcohol and carbon tetrachloride in the ratio of 60/40.
The end of mix (EOM) viscosity and viscosity build-up of the propellant slurry was determined using a Brookfield viscometer, Model-HBT dial type, by inserting the T-C spindle (for the viscosity range 80-16000 Pa·s) at a rotating speed of 2.5 rpm at a predetermined temperature.
The density of cured samples was determined using a gas pycnometer, Thermo-Scientific, USA, using helium gas as the medium at 30 °C. The tap density of KP and AP was determined using a Tap Density Meter; model VTAP/MATIC-II of Veego Instruments, India.
The mechanical properties, such as tensile strength (TS), percentage elongation and elastic-modulus (E-modulus) of the cured propellant samples, were evaluated using dumb-bells on a tensile testing machine, Hounsfield, conforming to ASTM D638 type IV at a cross head speed of 50 mm/min at ambient temperature.
Thermal property measurements of the cured samples were carried out on a differential scanning calorimeter (DSC), Model Q20, TA Instruments, USA, in the presence of UHP nitrogen having a flow rate of 50 mL/min.
The Solid Strand Burning Rate (SSBR) of cured propellant samples was determined using the acoustic emission technique at different pressures in an N 2 atmosphere. Acoustic emission is defined as a transient wave generated by the rapid release of energy within a material [16] . An acoustic emission sensor converts the mechanical energy carried by the elastic wave into an electrical signal. The calorimetric value of the propellant samples was determined using a Bomb Calorimeter, Model 6200 of Parr, USA, following standard methods [17] .
The impact and friction sensitivities of the cured propellant samples were determined using a Bundesanstalt fur Materialprufung (BAM) fall hammer (2 kg drop weight), Model No. BFH-10 (OZM, Czech Republic) and a BAM friction apparatus, Model No. FSKM-10 (OZM, Czech Republic), respectively. The samples (40 cm 3 ) were prepared by chopping and sieving of the propellant through a 100 British Standard Sieve (BSS).
Electrostatic discharge (spark) sensitivity of the cured propellant samples was determined using an in-house developed instrument by applying 10000 V between the two electrodes.
Incorporation of KP into the composite propellant formulation.
All of the experimental mixing of the composite propellants was carried out at 5-kg batch level in a vertical planetary mixer. A general method for the preparation of the propellant composition is described below.
A mixture of a prepolymer resin (504.5 g), i.e. HTPB, DOA plasticizer (195 g), antioxidant (2.5 g), i.e. 2-phenylnaphthylamine (Nonox-D), and bonding agent (6.0 g) (a mixture of 1,1,1-trimethylolpropane and 1,4-butanediol), except for the curing agent were mixed in the vertical planetary mixer (capacity 15 L). The mixture was agitated for 0.5 h, followed by mixing under vacuum for a further 0.5 h to drive out entrapped air. After this copper chromite (17.5 g) was added and mixed for 0.5 h, followed by the addition of iron oxide (IO, 5 g) and again mixing for 0.5 h. Al powder (850 g) was then added and mixed thoroughly for 0.5 h. After complete distribution of the Al powder in the binder matrix, a mixture (3385 g in total) of AP (in trimodal form; avg. particle sizes 300, 50 and 6 µm) and KP were added and mixed. The overall mixing temperature was maintained at 40 ± 2 °C. After the addition of all of the solid ingredients, mixing of the composition was continued under vacuum for a further 0.5 h. At this stage, TDI (34.5 g) was added and further mixed for 50 min. The composition was then cast into 100 mm (Inner Diameter) moulds by vacuum casting and cured at 50 °C in a water jacketed oven for 7 days. The cured compositions were used for the determination of the mechanical and ballistic properties.
Results and Discussion
Initially, KP was fully characterized for purity and particle size and incorporated in the composite propellant formulation by partially replacing AP (300 µm), from 2.5 to 10%, in an HTPB/AP/Al based composition having 85.15% solids loading. The reason behind replacing 300 µm AP with KP was that the latter's particle size has very little effect on burning rate of propellants as reported [18, 19] . The composition details are given in Table 2 . 
Characterization of KP
The purity of KP was determined by chemical analysis following the standard method [20] and was found to be 99.5% (impurities included Na/K salts of chloride, chlorate, sulphate, etc.). The results revealed that the mean diameter of KP was around 50 µm (CILAS particle size analyzer). The tap density of AP and KP were determined using a Tap Density Meter and the data are presented in Table 3 . The data revealed that the KP had a higher tap density than the AP fine and AP coarse fractions. The tap density of a powder is a measure of its packing in a slurry when mixed with a binder. 
Effect of KP content on the viscosity build-up
Different composite propellant formulations were prepared to study the behaviour of the EOM viscosity caused by varying the KP content from 2.5-10%, are presented in Table 4 . It is clear from Table 4 that a decreasing trend in EOM viscosity was observed as the KP content was increased from 2.5 to 10%. This trend was found to be more promising in the case of 24.1% KP (on replacement of 50 µm AP), where the value of EOM was 672 Pa·s at 40 °C, compared to 1008 Pa·s at 40 °C for the standard composition (Composition I). The decreasing trend in viscosity may be due to the higher tap density of KP (1.5 g/cm 3 ) compared to AP fine − 50 µm (1.0 g/cm a lowering of the viscosity of the propellant slurry containing KP, due to better packing. The lowering in the viscosity may help in increasing the solids loading of the propellant compositions, which can result in better performance in terms of density and specific impulse.
Effect of KP content on the mechanical properties
The mechanical properties of the cured propellants are presented in Table 4 . The data revealed that the values of E-modulus and tensile strength of the cured propellant with 10% KP were 2.370 MPa and 0.678 MPa, respectively. The percentage elongation was found to be 30.84%. It is clear from these data that they are on a par with the standard composition (Composition I) having a single oxidizer, i.e. AP.
The results of determination of density of the propellant are presented in Table 4 , which clearly indicates that the density of the propellant increases as the KP content increases due to the higher density of KP compared to AP.
Effect of KP on the thermal properties
The DSC thermograms obtained for pure AP, KP and mixtures of AP and KP are shown in Figures 1, 2 and 3 , respectively. The DSC thermogram of pure AP (Figure 1 ) revealed that there is a sharp endotherm at 243.21 °C, which indicates the phase change of AP from monoclinic to orthorhombic. In addition, two exothermic peaks are found at 291.71 °C and 464.07 °C, indicating the decomposition temperatures of AP. In the same way, the DSC thermogram of pure KP (Figure 2) showed a small endothermic peak at 303.13 °C followed by an exothermic peak at 620.77 °C, suggesting that the thermal stability of KP is better than that of AP. On the other hand, the mixture having 15% KP and 85% AP (corresponding to 10% KP in the propellant) showed an endothermic peak at 243.93 °C and two exothermic peaks at 291.78 °C and 434.22 °C, clearly indicating the effect of KP on the thermal decomposition of AP (Figure 3) . To study further the effect of KP on the thermal decomposition of AP, DSC thermograms with AP and KP mixtures corresponding to 5, 10, 15, 24.1 and 33.85% KP in the compositions were generated, and the corresponding important endotherms/exotherms are given in Table 5 . It is clear from the table that as the percentage of KP increases, the second exothermic peak of AP shifts towards lower temperatures, clearly indicating an effect of KP on the thermal decomposition of AP. Furthermore, compositions based on HTPB/AP/Al with KP (10%) partially replacing AP, were also studied by DSC and the thermograms obtained are shown in Figures 4 and 5 , respectively. The DSC thermograms clearly revealed that the addition of KP causes a further reduction in the onset temperature of the exothermic peaks. Thus, the DSC study demonstrated that the addition of KP to the standard composite propellant formulation based on HTPB/AP/Al, causes an appreciable reduction in the thermal temperatures, which ultimately help in the combustion of the propellant. The calorimetric values (cal-val) of the propellant samples were also determined using a Bomb Calorimeter and the data obtained are given in Table 4 . The data revealed that as the KP content in the propellant was increased, the cal-val decreased accordingly. This may be attributed to the lower heat of formation of KP compared to AP. 
Effect of KP on the ballistic properties
Ballistic properties of the developed compositions, such as the burning rate, were determined using an acoustic emission technique at 7 MPa and the data obtained are given in Table 4 . The data revealed that there is a gradual increase in the burning rate with increasing percentage of KP up to the 10% level, at which point it corresponds to more than 35% enhancement in the burning rate over the standard composition (Composition I). Enhancement in the burning rate beyond 10% KP content was not appreciable for two reasons, namely, the higher oxygen balance and lower heat of formation values of KP compared to AP (Table 1 ). The heat of formation of KP is −430.12 kJ/mol compared to −295.31 kJ/mol for AP. The lower heat of formation of KP may contribute to it acting as a heat sink during the burning of the propellant. On the other hand, the oxygen balance of KP is +46.2% whereas the oxygen balance of AP is +34.04%. However, the increase in oxygen balance of the oxidizer is balanced by the higher negative heat of formation; therefore, beyond the 10% level of KP in the composition, no appreciable burning rate increase was observed. Furthermore, it has also been reported that at lower concentrations of KP, K + ions catalyse the condensed phase decomposition of AP which may result in an enhancement in the burning rate [10, 11] .
The pressure exponents (n-value) of the compositions were calculated in the pressure range 6-8 MPa and is reported in Table 4 . It is clear from the table that as the percentage of KP in the compositions increases from 0 to 24.1%, the pressure exponent also increases from 0.41 to 0.55.
The temperature sensitivities of the compositions were determined by measuring the burning rate at 10, 25 and 50 °C at 7 MPa under a nitrogen atmosphere using the following equation [21] and the data obtained are presented in Table 4 .
where: σ p is temperature sensitivity, ṙ is the burning rate and T is temperature.
It is clear from the table that, as the percentage of KP increases in the propellant compositions, the temperature sensitivity decreases accordingly. Furthermore, the decrease in temperature sensitivity may decrease the erosive behaviour of compositions based on KP.
The ballistic performance in terms of specific impulse (I sp ) was evaluated for the composition having 10% KP as well as for the standard composition (Composition I) at 70:1. The results revealed that the 10% KP based composition gave an I sp of 239.8 s, whereas the standard composition gave 240.0 s (with an accuracy of ± 0.5 s).
Effect of KP on the sensitivity properties
The impact, friction and electrostatic discharge (spark) sensitivities were also measured for the standard composition (Composition I) and the composition having 10% KP (Composition V), following standard procedures and the data obtained are presented in Table 6 . The data revealed that the KP based composition (Composition V) is less sensitive towards impact and friction than the standard composition (Composition I), however both compositions were found to be insensitive to electrostatic discharge, up to 5 J. 
Conclusions
A successful attempt has been made to use KP as a ballistic modifier in a composite propellant formulation based on HTPB/AP/Al, by partially replacing AP without affecting propellant's performance. These formulations were studied in detail for their mechanical, thermal and ballistic properties. The data on the mechanical properties revealed that no change occurred in comparison to the standard composition (Composition I), however, the thermal stability decreased as the KP content was increased. The data on the burning rate revealed that there was a 35% enhancement over the standard composition (Composition I) with 10% KP, whereas the temperature sensitivity of the compositions was reduced on incorporating KP, from 0.18 (standard composition) to 0.07% (24% KP).
The data on the performance in terms of the specific impulse revealed that the composition having 10% KP (239.8 s) gave same specific impulse as the standard composition (240 s). Thus, the developed composition may find application where a high burning rate is required, without compromising the performance.
